Abstract--Fourier syntheses have been used to establish the arrangement of organic molecules in the interlamellar regions of a 16.10 A phase of ornithine-vermiculite and a 16.92 A phase of 6-aminohexanoic acid-vermiculite. The organic cations form two layers parallel to the silicate surfaces in ornithinevermiculite and in 6-aminohexanoic acid-vermiculite the organic cations form ascending and descending "stairs" from the silicate sheets.
INTRODUCTION
An interlamellar complex formed by lysine and vermiculite has been described previously (Raupach et al., 1975) . The present study contrasts the complex formed between ornithine and vermiculite with that formed between 6-aminohexanoic acid and vermiculite. Mifsud et al. (1970) described the formation of cationic complexes of vermiculite-ornithine water with basal spacings from 42.2 to 14.35 A. RausellColom and Forn6s (1974) made one-dimensional Fourier analyses of three stable crystalline phases (with basal spacings of 20.3 A, 16.3 A, 16.3 A and 14.63 AI. They deduced that the 16.3 A phases contained mono-valent ornithine cations and water molecules. The 14.63 A phase was dehydrated and. as shown by i.r. spectroscopy, contained amino-acid molecules linked through peptide bonds. Kanamaru and Vand (19707 showed by two-dimensional X-ray analysis of a 6-aminohexanoic acid-vermiculite complex, formed at pH 5.5. that the organic molecules were statistically distributed over crystallographically equivalent sites with the carbon chains parallel to the b-axis of the vermiculite. As a pH of 5.5 is intermediate between the isoelectric point (pH 7.6~ and that for the cationic-form (pH 3.2) of 6-aminohexanoic acid. we have investigated the complex formed between vermiculite and 6-aminohexanoic acid at the pH 3.2.
In a structural study of a vermiculite-piperidine complex, Iglesias and Steinfink (1974) concluded that their data led only to ambiguous models for the orientation of the organic molecules and remarked "It appears that on the basis of four complexes studied by us. by single crystal X-ray diffraction techniques and from results reported by other investigators. that the statistical distribution of organic molecules is inherent in the nature of these complexes and that probably no crystallographically ordered complexes can be prepared by the usual ion exchange techniques." We have also found that X-ray Fourier analysis does not yield a complete definition of the structural parameters for organic-vermiculites, but in conjunction with i.r. studies we have been able to distinguish explicitly between the arrangement of ornithine molecules which lie parallel to the surface oxygen atoms of the silicate layers and a stair-type arrangement of 6-aminohexanoic acid molecules which form 'stairs' away from it.
The present paper describes an X-ray study of the complex (formed at pH 3.2) between 6-aminohexanoic acid and vermiculite. We also refer to a parallel i.r. study in this laboratory by Raupach and Janik (1975) of the same vermiculite~rganic complexes. The results are compared with those obtained by RausellColom and Forn6s (1974) using the same methods upon an apparently identical phase of ornithine-vermiculite. We show that our 16.22 A phase of ornithine-vermiculite is a true single-layer polytype, although the original vermiculite is two-layered. By contrast, our 6-aminohexanoic acid-vermiculite is a two-layer polytype. Thus the exchangeable organic cations affect the stacking sequence of the silicate sheets. This complements the study of Calle et al. (1975) on Mg, Ca. Na and Ba vermiculites where shifts between adjacent silicate layers were reported to occur according to the polarizing power of the exchangeable cation.
EXPERIMENTAL

Sample preparation
The vermiculite used came from Kapirikamodzi and was obtained from Dr. K. Norrish who previously analysed a calcium saturated sample and calculated its formula as: (Mg2.628Fe~-.3a 09Tio.060Mno.o03) (All.040Si2.ss3Feo.076) Olo(OH2Cao.343 • H20.
Its cation exchange capacity is 174m-equiv./100g (ignited basis) which is equivalent to 1.37 charge units/24 oxygens. The l-ornithine monohydrochloride (chromatographically homogenous) was a BDH biochemical with a calculated molecular weight of 168.63. The 6-aminohexanoic acid (an Eastman chemical) had a molecular weight of 131.18.
The natural vermiculite was cut into flakes about 0.5 • 0.3 x 0.1 mm and treated with a 1 N solution of sodium chloride for 48 hr at 80~ Flakes were then lightly washed with distilled water and reacted with 0.5 N solutions either of l-ornithine monohydrochloride or 6-aminohexanoic acid at the pH of maximum cation concentration, 5.2 or 3.2 respectively. Reactions were followed with a transmitted light microscope by observing the replacement boundaries as they moved from the edges of flakes to their centres. Specimens were then left in the amino acid solution for a further two hours at 40~ after this they were washed, to remove excess organic material and dried at room temperature. The rate of reaction between vermiculite and 6-aminohexanoic acid was considerably slower than that between vermiculite and ornithine. After drying at room temperature, the basal spacing of the 6-aminohexanoic acid-vermiculite was found to be 16.92 A and the ornithine-vermiculite had formed a phase with a basal spacing of 19.69 A. This value is to be contrasted with RausellColom and Forn6s (1974) result of 20.3 A. Upon heating the ornithine-vermiculite for 12 hr at 60~ or by leaving the material at room temperature for four days, we obtained the 16.1 A phase from the material with a dool of 19.69A. Samples of each complex checked a number of times over a period of three months were found to have both constant d-spacings and reflection patterns.
METHODS
To obtain the 001 spectra, single crystals were mounted on Mylar films stretched over specimen holders of the type normally used for powders. Filtered cobalt radiation was used in a Norclco powder diffractometer with the following slits: divergence 0.25 ~ receiving 0.146 mm in front of a 1 ~ slit. The scan rate was 1 ' 'min.
Reacted flakes of each complex were mounted upon glass fibres and oscillation photographs were taken with filtered CoK~ radiation, flakes which gave the nearest approximation to sharp single crystal patterns were chosen for structural work.
The pseudohexagonal character of layer silicate crystals makes the choice of unique a or b axes difficult. This problem was resolved in our work by taking Weissenberg photographs about each of the three a axes. Only one such photograph showed Okl and Ok-I reflections equal in intensity and arranged symmetrically about b*. This unique direction was taken as the true b* for the crystal. From Weissenberg photographs, carefully checked against accurate computer-drawn templates and from diffractometer traces of the 001 spectra, dimensions of the monoclinic cells of the ornithine and the 6-aminohexanoic acid vermiculites were determined to be a -5.33 ~, b -9.18 A, e = 16,22A, fl-97.0~ a-5.33A, b -9.18/~, c = 34.09 A and fl = 97.0 ~ respectively. These cell dimensions describe a one-layer polymorph for the ornithine complex and a two-layer polymorph for the 6-aminohexanoic acid complex.
The o~y Okl reflections present in the original material and in the 6-aminohexanoic acid-vermiculite were as follows: 0,2,1 when l = 2n + 1; 0,4,1 when l = 2n + 1; 0,6,1 when l -2n and 0,8,l when 1 -2n + 1. Those Okl reflections in the ornithine-vermiculite had both k and l even. The extent to which stacking disorder affects these specimens can be judged from the degree of streaking along c* of the 0,2,1 and the 0,4,1 reflections, as these are sensitive to disordering of those atoms whose y coordinates are not multiples of b/3 (Brown and Bailey, 1962) . By using these criteria we judged the ornithine-vermiculite to be well ordered, the natural material slightly less so and the 6-aminohexanoic acid-vermiculite the least ordered of all.
Space group C2 was chosen for the ornithine-vermiculite and Cc for the 6-aminohexanoic acid-vermiculite, as calculations within these groups allowed sufficient degrees of freedom to subsequently refine the positional parameters of the silicate atoms.
By using CoKct radiation and multiple-film-pack Weissenberg photographs intensity data were initially recorded for the 001, Okl and hO1 reflections for each of the two complexes. Subsequently intensity data for 406 observed reflections were recorded for the first 6 levels about b for the ornithine complex. All intensity measurements were made by visual comparison with a set of standards, obtained by timed exposures of a selected 001 reflection oscillated over a small angular range. Such comparisons were quickly made and since the standards were similar in shape to the unknowns some allowance could be made for streaking. Corrections were applied for Lorentz and polarization factors, and for the absorption factor by the integration method of Busing and Levy (1957) ; # ~-95 cm-1 for CoK~ radiation.
STRUCTURE DETERMINATIONS
Phases were computed from the known configuration of the silicate part of the structure and assigned to the observed structure amplitudes. Such phasing should be very nearly correct because the contribution to the total scattering by the interlamellar material is comparatively small. The positional parameters for the atoms of the silicate structure required by the analysis of the sample which we have utilized, were taken from Mathieson and Walker (1954) modified for the c axes of the unit cells of our materials.
One-dimensional Fourier projections
Initially one-dimensional Fourier projections were computed from the 001 structure factors for each of P. G~ SLADE, M. I. TELLER1A and E. W. RADOSLOVICH In contrast with Kanamaru and Vand's (1970) result for the 6-aminohexanoic acid-vermiculite, which they prepared at a pH of 5.5. our material projects with a comparatively high peak at the middle of the interlayer region. From this and the i.r. study, we were able to postulate a "stair type" configuration Fig. 2(a) for the orgamc molecules. The equivalent projection of the structure of ornithine-vermiculite. Fig. l(b) , shows two broad peaks; one on either side of the middle of the interlayer region. Our result is similar to that obtained by Rausell-Colom and Forn6s (1974) and supports their hypothesis that the ornithine molecules are parallel to the silicate surface. The carbon chains of the organic molecules in the materials which we studied, therefore, seemed to have contrasting orientations. Two-dimensional Fourier analyses were used to fix the orientation of the organic molecules more precisely.
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Two-dimensional analyses
The phased hOl and Okl structure factors were used to compute electron density and difference electron density projections on the (010) and (100) planes for each of the complexes. Figures 2 and 3 show the electron density projections for each complex. In both cases, peak heights in the interlammelar regions of the (010) projections tend to be stronger than peak heights in the interlamellar regzons of the corresponding (100) projections. This could be the result of overlap in the (010) projections or that the chains of the organic molecules have considerable components along the b axes of the vermiculite cells. Possible orientations of the organic molecules, including those suggested by the i.r. studies of Raupach and Janik, were tested visually by optical projection of scaled molecular models onto the electron density projections. By this simple means models were derived for the two organic vermiculites which not only agreed with the evidence from the one-dimensional projection, but also yielded suitable interatomic distances with respect to the adjacent silicate surfaces. (~,y,0) translation, projected upon the electron density projection on the (100) plane. This model was chosen as a basis for the calculation of a three-dimensional set of structure factors which were compared with their experimental equivalents. Refinement of the model was carried out using the Least Squares Program of Busing et al. (1962) : The isotropic temperature factor for all the atoms in the silicate sheets was left at 1.2 x 10 -16 cm2; the value determined by Mathieson and Walker (1954) and used in all of our calculations. Temperature factors for atoms of the organic molecules were set at the reasonable value of 2.5 x 10-16 cms 2. After a fullmatrix least-squares adjustment of the interlayer scale factors the positional parameters for the silicate atoms were adjusted. Least squares adjustment of the positional parameters of the organic atoms produced slight shifts which were meaningless in comparison with the associated errors, but trial and error shifts of these parameters enabled us to finally reduce the overall R factor to 31.5~o. This rather large value reflects the difficulty of obtaining accurate intensity data even from selected crystals of these complexes. The final positional parameters are given in Table 1 which also sets out the results for the significant interatomic distances. No attempt was made to calculate the errors associated with these parameters, but if they are compared with their equivalents, reported by Chiba et al. (1967) in their crystallographic study of 1-ornithine hydrochloride, errors in the corresponding interatomic distances might be as large as 0.2/~.
Three-dimensional Fourier analysis of ornithine-vermiculite
Following the full matrix least squares adjustment of the interlayer scale factors, three-dimensional Fourier and difference Fourier syntheses were prepared. Although the interlamellar regions in both of these syntheses were similar, certain differences were noted. Some peaks on the mirror planes (y = 1/6 and y = 2/3) were broad in both maps, but tended to be weaker in the difference synthesis. However, strong sharp peaks (designated as atom X in Table 1) were observed in these planes at coordinates generated by the space group from x = 0.944 and z = 0.218. These peaks were about half the height of those for the silicate oxygen atoms and about twice the electron density of any observed in the interlamellar space. The strength of the peaks implies a fairly high occupancy factor for any atom or ion of low scattering power. The distances from the centres of the oxygen atoms, forming the smallest of the two interpenetrating isosceles triangles and the unexplained peaks are 2.42 A and therefore preclude the possibility of their being water molecules--sodium, magnesium or calcium are small enough to statistically occupy the ditrigonal holes formed by the surface oxygens. A study of the interlamellar region of the difference map revealed eighteen additional peaks which could have been possible locations for the atoms of the organic molecule. The most definite of these had coordinates suggestive of some zig-zag chain of carbon atoms parallel to the b axis and with x coordinates of 0.397 or 0.897, as previously inferred from the two-dimensional analysis. All peaks found in this initial study were used to augment the "silicate only" model from which a new set of phases were computed for a second difference Fourier synthesis. Although several doubtful peaks observed in the first synthesis were still weaker in the second, a careful study of the remainder threw little light upon the probable disposition of the carboxyl region of the molecule. Three peaks were possible real atoms but their coordinates only approximated to likely values; in addition five other peaks remained unexplained. Even if we allow that some of these may be allocated to water molecules, we must conclude that there are other possible locations for ornithine molecules, but with a lower probability of occurrence than for that proposed. (2) 3.27 O1-O,~t (3) 3.13 O1 O,e~ (4) 2.92 Oi-Otet (5! > 3.5 01-0,~ (6) The distances from the N atom to the nearest 6 oxygens forming the ditrigonal hole range from 2.70 A-3.47 A Figure 3 is a schematic drawing of an ornithine molecule, showing its relation to the structure of vermiculite. This illustration shows how the dimensions of the ornithine molecule allow it to interact easily with the charged surface. For example the total length of the zig-zag chain in projection is very close to the distance between the centre of a particular silicate tetrahedron and the centre of an adjacent hexagonal hole. just beyond the next tetrahedron.
THE STRUCTURE OF 6-AMINOHEXANOIC ACID VERMICULITE Figure 4(a) shows the electron density projected on to the (010) plane of the unit cell. Superimposed upon this is a schematic drawing of the 6-aminohexanoic acid molecule with its N,-C 6 bond perpendicular to the silicate surface. Figure 4(b) shows the molecule drawn upon the electron density projected onto the (100) plane. The model shown in these drawings for the structure of 6-aminohexanoic acid is that reported by Bodor et al. (1967) . The height of the strong peak on the middle of the interlayer region is partly accounted for in our model by atoms C3 and C4 of ascending and descending molecules, and would also be partly accounted for by water molecules if these form bridges between pairs of organic molecules, which seems not unreasonable. Since occupancy of possible sites by orgamc molecules is statistical m character we postulate that some of the interlamellar water molecules are alternative occupiers of these sites and the rest are randomly packed between the silicate sheets. Introduction of the orgamc and water molecules into the silicate-only model enabled the positional parameters and the site occupancy factors for the non-silicate atoms to be refined. The F factor for the Okl reflections changed from 0.40 to 0.28 and that for the hOl reflections from 0.26 to 0.23. Table  2 lists the final atomic parameters and shows a selection of bond lengths. Again the errors associated with P G. SLADE, M, I. TELLERIA and E. W. RADOSLOVICH these are of the order of 0.2 A and reflect the difficulties of obtaining accurate intensity data from complexes of vermiculite and amino acids. Figure 5 is a schematic drawing of the organic molecule shown in relation to the adjacent oxygens.
DISCUSSION
A parallel i.r. study of ornithine-and 6-aminohexanoic acid-vermiculites, by Raupach and Janik (1976) shows the amino acid molecules in both of these materials to be in a cationic form and very likely bonded to the silicate surfaces through nitrogen atoms. Their i.r. model for ornithine-vermiculite is substantially the same as that suggested by the X-ray work. but for 6-aminohexanoic acid-vermiculite Raupach and Janik have proposed a model based upon the relevant transition moment directions, in which the C6-N~ bond of the organic molecule is not perpendicular to the silicate surface. Evidence from other transition moment directions, requires the plane of the zig-zag chain of the organic molecule to be tilted away from the normal to the silicate surface but still with a stair-type of configuration with respect to it. The i.r. and X-ray models are in substantial agreement; they both position the alkyl chain with a stairtype configuration stretching away from the silicate surface.
Our model for ornithine-vermiculite is substantially similar to that suggested by Rausell-Colom and Forn6s (1974) . It only differs from theirs with respect to the configuration of the ornithine molecule. This difference relates to the position of the c~ nitrogen, which the crystallographic study by Chiba et al. (1967) shows to be within the plane of the zig-zag aliphatic chain and not in the plane of the carboxyl group.
The specific structure proposed here for ornithinevermiculite, may be only a favored arrangement amongst several alternatives; as we have pointed out, unexplained peaks (which may be spurious) remain in the three-dimensional Fourier maps. In addition, the occupancy factors (0.25-0.30) for the sites required by our model are less, when determined from the X-ray data, than the expected value of 0.34 obtained by dividing the exchange capacity (1.37) by the number of equivalent sites per cell (4, in space group C2). This enhances the probability of there being several alternative configurations for the ornithine molecules with respect to the surface. Our work has been unable to specifically locate the water molecules of the structure, because we believe, these will essentially have z coordinates similar to those of the carbon atoms as well as similar scattering power. We therefore postulate that the water molecules occupy sites on the silicate surface unoccupied by organic molecules. The Fr curve of Fig. l(b) is based upon a model without water and is therefore lower than the Fobs. curve in the region about z = 0.37 where we suppose the water to be.
Our structure for 6-aminohexanoic acid-vermiculite requires the organic molecules to "key" into the silicate surface. The interlayer height available to accommodate them is approximately 7.8 ~ but the organic molecules have a vertical height of 6.0 ~ from centre of nitrogen to centre of oxygen, plus the sum of the van der Waal radii (3.5) for ammonium at one end and oxygen at the other. This "keying" into the surfaces of the silicate sheets by the ~ nitrogens and the Oa atoms of the organic molecules facilitates hydrogen bond formation between these atoms and the nearest surface oxygens. Table 2 shows that several of those interatomic distances which involve either N, or Oa and the surface oxygens are consistent with hydrogen bond formation, although most seem to be too great. At the low pH used for the reaction between vermiculite and 6-aminohexanoic acid, the organic molecules carry single positive charges and hence the carboxyl groups will be in the form
Each carboxyl group might therefore be expected to form a single hydrogen bond with the adjacent surface. Table 2 shows that only one of the six interatomic distances involving carboxyl and surface oxygens, is less than 3.0 A, that between O1 and Otot (4), and therefore likely to represent a hydrogen bond distance.
The model suggested for the 17.32A phase of 6-aminohexanoic acid-vermiculite by Kanamaru and Vand (1970) , differs from our model for the double cell complex (c = 34.09 ~.) in that the earlier workers placed the organic molecules in two layers with long chains parallel to the b-axis. Fourier maps produced from their data differ from our own maps mainly in the region at the centre of the interlayer space where we find appreciable electron density. This difference probably is due to the higher concentration of positively charged organic ions at the lower pH. at which we formed our complex.
The fact that organic cations can influence the type and perfection of stacking of silicate layers reflects a subtle balance between the electrical and geometrical properties of the organic molecules and those of the silicate surface. In their discussion of the orientation of the silicate layers in vermiculite Calle et al. (1975) were able to relate the polytype to the polarizing power of the interlayer inorganic cation. Such a simple concept as this seems inapplicable to organic cations because of their more complex shape and charge distribution. In general terms one might expect these charged groups to seek points of opposite charge upon the silicate surfaces. For vermiculite, the surface charges will be localized near those tetrahedra in which aluminium has substituted for silicon. The energy necessary to change from one polytype to another will be obtained from the electrostatic field between the positive charges upon organic cations and the localized negative charges associated with the silicate surfaces.
Although ornithine and 6-aminohexanoic acid impose different stacking sequences upon the silicate sheets of vermiculite there is a common factor associated with the resulting polytypes; shifts between adjacent layers are chiefly in the b direction. This is implied by the fact that the patterns of their hOl reflections are similar and therefore lead to similar (010) projections of the silicate sheets. In addition their fl angles are the same, namely 97 ~ . However an unpublished study of lysine-vermiculite shows it to have a two-layer structure with a fl angle different from 97 ~ thus implying a relative shift between adjacent sheets along the a direction in addition to likely shifts along b. From our study of these complexes between amino acids and vermiculites it has become apparent that much still remains to be understood of the mechanisms whereby organic cations influence the polytype of the complex formed. Work in this laboratory continues upon this problem, and also upon the identification of the species near the centres of the ditrigonal holes of the silicate surfaces, as seen in the three-dimensional study of ornithine-vermiculite.
